
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

 Catalysis 
 Science & 
Technology

www.rsc.org/catalysis

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Graphical abstract: 

 

 

 
 

Page 1 of 5 Catalysis Science & Technology

C
at

al
ys

is
 S

ci
en

ce
 &

 T
ec

h
n

o
lo

g
y 

A
cc

ep
te

d
 M

an
u

sc
ri

p
t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

A thermally stable and easily recycled core-shell Fe2O3@CuMgAl 

catalyst for hydrogenolysis of glycerol 

Shuixin Xia, Weichen Du, Liping Zheng, Ping Chen, Zhaoyin Hou* 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 5 

Core-shell structured magnetic Fe2O3@CuMgAl layered 

double hydroxide (LDH) catalysts were synthesized in a facile 

route and used in selective hydrogenolysis of glycerol. 

Characterizations disclosed that the thermal stability of LDH 

framework, the dispersion of Cu and its activity were 10 

enhanced simultaneously after the presence of Fe2O3. 

Catalysts in nanoparticles possess bigger surface area and 

higher utilization of surface atoms. They dispersed nearly 

homogeneously in reaction mixture and exhibited prominent 

activity in most reactions. These nanoparticles bring new 15 

challenge and insight to traditional catalysis and a lot of 

achievements were reported in recent years.1-3 But catalysts in 

nanoparticles suffered from serious difficulty in thermal 

stability and must be protected by surfactants. The recovery 

and reuse of these nanoparticles are becoming obstacles from 20 

the perspective of green chemistry in order to achieve the 

ecological and economical sustainability.4 

In order to solve these problems, great attentions have been 

paid to nanoparticles with magnetic properties for their 

efficient, reusable, sustainable and environmentally benign 25 

properties.5,6 Catalysts with magnetic properties can be easily 

separated by an external magnetic field, not only minimizing 

the consumption of auxiliary substances, energy and time used 

in separation, but also bringing significant benefits in 

economical and environmental aspects.4,7 Magnetic materials 30 

with magnetic core and functional shell, which integrate 

multiple functionalities into a single nanoparticle system, 

show great potential in catalysis.7-13 

Layered double hydroxide compounds (LDHs), also known 

as “anionic clays”, have attracted intense research interests in 35 

recent years because of their potential applications as solid-

bases,14-16 catalyst supports and precursors.17-20 LDH 

compounds consisted of two-dimensional brucite-type 

octahedral layered structures with alternating positively 

charged mixed metal hydroxide sheets and negatively charged 40 

interlayer anions along with water molecules.15,21,22 A lot of 

bifunctional catalysts with highly dispersed Cu17-19,23, Co24, or 

Ni25,26 on solid base (Mg-Al oxides) could be prepared from 

LDH compounds. And these catalysts exhibited prominent 

activity in hydrogenolysis of glycerol, removal of SO2 and 45 

NO, dry reforming of methane. However, these catalysts in 

powder have suffered serious difficulty in separation, 

recovery and reuse in the hydrogenolysis of glycerol.17-19,23 

 

 50 

Fig. 1 SEM images of Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3. (a) Fe3O4; (b) 

(33.3%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3; (c) 

(16.7%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3; (d) 

(8.3%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3. 

In this communication, an easily separated and recycled 55 

core-shell structured magnetic Fe2O3@CuMgAl catalyst was 

prepared in a facile route and used in the selective 

hydrogenolysis of glycerol. Fig. S1 depicted the XRD pattern 

of fresh Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 with different 

contents of Fe3O4. All samples displayed the characteristic 60 

diffraction peaks of a well-crystallized hydrotalcite (JCPDS 

35-0965). Peaks at 11.7, 23.6, 35.0, 39.7, 47.1, 60.9 and 62.4° 

were assigned to the (003), (006), (012), (015), (018), (110) 

and (113) diffractions of LDH. However, the intensity of (003) 

reflection decreased with the presence of Fe3O4, which 65 

suggested lower crystallinity and/or reduced particle size 

according to Scherrer’s equation. The reflection peaks at 18.3, 

30.1, 35.5 and 43.1° were assigned to characteristic 

diffractions of (111), (220), (311) and (400) planes of Fe3O4 

(JCPDS 65-3107), and they enhanced with the increasing 70 

content of Fe3O4. 

SEM images of Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 are shown 

in Fig. 1. It can be found that Fe3O4 nanosphere showed a 

smooth surface with a mean diameter of 300 nm (see Fig. 1-a). 

After coating with LDH shell, the outline of 75 

(x%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 became rougher than 

that of Fe3O4 nanospheres, which indicated that Fe3O4 

nanoparticles were successfully coated with the lamellae of 

Cu0.4Mg5.6Al2(OH)16CO3. And the thin shell of LDH lamellae  
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Fig. 2 XRD patterns of catalysts calcined at 400 oC. (A) pure 

Cu0.4Mg5.6Al2O9; (B) (4.2%)Fe2O3@Cu0.4Mg5.6Al2O9; (C) 

(8.3%)Fe2O3@Cu0.4Mg5.6Al2O9; (D) (16.7%)Fe2O3@Cu0.4Mg5.6Al2O9; (E) 

(33.3%)Fe2O3@Cu0.4Mg5.6Al2O9. 5 

that coated on the surface of Fe3O4 nanospheres could be 

identified clearly in (33.3%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 

(Fig. 1-b). The thickness of LDH lamella in shell increased 

with the content of LDH (see Fig. 1-c and d). 

Fig. 2 shows the XRD pattern of calcined 10 

Fe3O4@Cu0.4Mg5.6Al2O9. It was found that the characteristic 

diffraction peaks of LDH disappeared completely when naked 

Cu0.4Mg5.6Al2(OH)16CO3 was calcined at 400 oC, 4 h (see 

curve A in Fig. 2), and separated MgO (JCPDS 65-0476) 

formed. These results meant that the lamellae structure 15 

collapsed and transformed into metal oxides after calcination 

at 400 oC. However, it is quite interesting to find that the 

characteristic diffraction peaks of LDH still remained in those 

samples containing iron oxide after calcination, which 

inferred that the thermal stability of the LDH lamellae in 20 

Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 was improved with the 

presence of iron oxide. At the same time, it was found that 

Fe3O4 was oxidized into γ-Fe2O3 during calcination. For this 
reason, the calcined catalyst was denoted as 

(x%)Fe2O3@Cu0.4Mg5.6Al2O9. 25 

The improved thermal stability of LDH lamellae in 

Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 was also confirmed in  

compared XRD analysis of naked Cu0.4Mg5.6Al2(OH)16CO3 

and (16.7%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 that calcined at 

different temperatures (see Fig. S2). Obvious (003) diffraction 30 

peak and slight (006) diffraction peak of LDH framework 

could be identified clearly in (16.7%)Fe2O3@Cu0.4Mg5.6Al2O9 

even after calcination at 600 oC (see Fig S2-b). 

TG analysis indicated that Cu0.4Mg5.6Al2(OH)16CO3 showed 

three major weight loss at 171, 310 and 360 oC, which could 35 

be attributed to the loss of water and carbonate.27 While the 

corresponding weight loss in the TG profile of 

(16.7%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 located at around 

219, 306 and 392 oC, respectively (see Fig. S3). An obvious 

phase transition peak was detected at 502.97 oC in the DSC 40 

curve of Cu0.4Mg5.6Al2(OH)16CO3,28-30 while only a faint peak 

appeared in (16.7%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 at 

572.98 oC. These facts further indicated that the stability of  

 
Fig. 3 TEM images of fresh (16.7%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 (a-b) 45 

and reduced (16.7%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 (c-d). 

LDH framework in Fe3O4@CuMgAl LDH enhanced owing to 

the presence of Fe3O4. 

The surface composition of (x%)Fe2O3@Cu0.4Mg5.6Al2O9 

detected in XPS was summarized in Table S1. The highest 50 

relative Cu atomic percentage of 5.8% was detected in 

(16.7%)Fe2O3@Cu0.4Mg5.6Al2O9, which is higher than the 

calculated Cu atomic percentage (2.1% in bulk). Thus, it 

could be concluded that Cu is enriched on the surface of 

catalysts. 55 

This surface enrichment was also confirmed by the H2-TPR 

analysis (Fig. S4) and increased copper dispersion detected by 

N2O oxidation and following H2 titration (summarized in 

Table S2). Only one broader peak from 250 to 340 oC was 

detected in Cu0.4Mg5.6Al2O9, while a shoulder peak at around 60 

160-210 oC appeared in (8.3%)Fe2O3@Cu0.4/Mg5.6Al2O8.6, and 

this peak enhanced with increasing the content of Fe2O3. The 

dispersion of copper in Cu0.4/Mg5.6Al2O8.6 was only 43.2%, 

however, this value increased to 62.8% in 

(8.3%)Fe2O3@Cu0.4/Mg5.6Al2O8.6. That is, the dispersion of 65 

copper was improved with the presence of iron oxide. 

Nitrogen adsorption-desorption isotherms of reduced 

(x%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 are shown in Fig. S5(a). All 

of them are type IV pattern according to the International 

Union of Pure and Applied Chemistry (IUPAC) classification. 70 

The closure point of hysteresis loop of Cu0.4/Mg5.6Al2O8.6 

located at a relative pressure of 0.5, however, with the 

incorporation of Fe2O3, the closure point of hysteresis loop 

shifted to 0.8, which indicated that the pore diameter 

increased with the presence of Fe2O3. The calculated surface 75 

area of naked Cu0.4/Mg5.6Al2O8.6 was 127.9 m2/g, and it is 

interesting to note that the surface area of 

(4.2%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 and 

(8.3%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 increased to 144.5 and 

141.7 m2/g, respectively (see Table S2). The increased surface 80 

area might be attributed to the reduced size of solid lamellae 

and the ordered arrangement of these lamellae on the surface 

of Fe2O3 core (see Fig. S1). 

The pore size distribution of reduced 

(x%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 was calculated and presented 85 

in Fig. S5(b). Only one peak (at around 1.8-4.4 nm) was
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Table 1 Glycerol hydrogenolysis over different catalysts  a. 

 Catalysts Conversion 

(%) 

Activity of surface Cu (h-1) b Selectivity (%) 

1,2-PDO Others c 

Cu0.4/Mg5.6Al2O8.6 18.6 5.5 98.6 1.4 

(4.2%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 72.1 15.9 99.1 0.9 

(8.3%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 77.8 15.8 99.0 1.0 

(16.7%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 76.2 16.5 99.3 0.7 

(33.3%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 49.1 11.2 98.8 1.2 

 a Reaction conditions: 10.9 mmol glycerol in ethanol solution (413 mmol), and 0.085 mmol Cu, 2.0 MPa H2, 190 oC, 10 h. b Defined as (mol of converted 

glycerol)/(mol of exposed Cu atom)/(reaction time, h). c Ethylene glycol, methanol and 1-propanol. 

detected in Cu0.4/Mg5.6Al2O8.6, which could be attributed to 

the accumulation of LDH lamellae in reduced 5 

Cu0.4/Mg5.6Al2O8.6. With the presence of iron oxides, another 

mesopore at around 44 nm could be observed, and this 

mesopore channel could be ascribed to the gap of vertical 

arranged LDH lamellae on the surface of Fe2O3 (see Fig. 3-c). 

TEM images of (16.7%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 10 

and reduced (16.7%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 were shown in  

Fig. 3. It can be found that thin LDH shell was coated on the 

surface of Fe3O4 in (16.7%)Fe3O4@Cu0.4Mg5.6Al2(OH)16CO3 

(Fig. 3(a)), an obvious dividing line between Fe3O4 core and 

LDH shell could be identified clearly in HRTEM image (Fig. 15 

3(b)). Ordered lattice fringes at 0.3088 and 0.489 nm could be 

indexed to the (220) and (111) planes of the Fe3O4 phase. 

Lattice fringe at 0.2245 nm in the margin area was designated 

to the (015) plane of Cu0.4Mg5.6Al2(OH)16CO3 LDH phase. 

The three-dimensional core-shell architecture of reduced 20 

(16.7%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 displayed a flowerlike 

morphology (see Fig. 3(c)), most petal-like LDH nanoplatelets 

are perpendicularly coated on the surface of the solid core. 

Under higher resolution, ordered lattice fringes at 0.2603 and 

0.7761 nm could be detected, which corresponded to the (310) 25 

plane of γ-Fe2O3 and the (003) plane of LDH. 

The basicity of the catalyst was characterized via the CO2 

adsorption by TG-DSC and the results were summarized in 

Table S3. It was found that with the presence of Fe2O3, the 

amount of adsorbed CO2 increased, which meant the basicity 30 

of the catalyst enhanced with the presence of Fe2O3. The 

enhanced basicity could be ascribed to the increased surface 

area and pore volume of the catalysts brought in by the 

incorporation of iron oxide (see Table S2).  

Glycerol is a poly-functionalized platform chemical derived 35 

from bio-sustainable resources.31 Hydrogenolysis of glycerol 

to propanediols (PDOs) is one of the most promising and vital 

transformations of the oversupplied glycerol in order to 

achieve the sustainable development of biodiesel 

industry.18,19,32-51 In our previous work, we found that 40 

CuMgAl LDH were efficient catalysts for this process.17-19,23 

However, separation of powder catalysts from reaction 

mixture is difficult and time-/energy-consuming. In order to 

achieve the easy separation of catalyst and product, the 

magnetic catalyst would be a good choice. The above 45 

synthesized magnetic Fe2O3@Cu0.4/Mg5.6Al2O8.6 catalysts 

were investigated in the glycerol hydrogenolysis reactions. 

Table 1 summarized the activity of 

(x%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 for hydrogenolysis of glycerol 

at 190 oC in ethanol solvent. The conversion of glycerol was 50 

only 18.6% over naked Cu0.4/Mg5.6Al2O8.6 and the calculated 

activity of surface Cu atom was 5.5 h-1. It can be found that 

the activity of surface Cu atom increased obviously with the 

presence of Fe2O3. The conversion of glycerol reached 77.8 

and 76.2% over (8.3%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 and 55 

(16.7%)Fe2O3@Cu0.4/Mg5.6Al2O8.6, respectively. The TOF of 

surface Cu in (16.7%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 reached 16.5 

h-1, and this value is higher than that of our previous reported 

Rh0.02Cu0.4/Mg5.6Al1.98O8.57,17 Pd0.04Cu0.4/Mg5.56Al2O8.56,
18 and 

Cu0.4/Zn0.6Mg5.0Al2O8.6 catalysts19 under same condition (see 60 

Table S4). In previous works, we found that the activity of 

surface Cu in CuMgAl catalyst depended mainly on its 

basicity,19,23,50 the increased activity of Cu in Fe2O3@CuMgAl 

could be attributed to its stronger basicity (see Table S3). At 

the same time, the increased surface area (see Table S2), and 65 

the newly formed mesopore at around 44 nm in 

Fe2O3@Cu0.4/Mg5.6Al2O8.6 (see Fig. S5) would also promote 

the accessibility of glycerol to surface Cu and enhance its 

activity. (33.3%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 and 

(16.7%)Fe2O3@ Cu0.4/Mg5.6Al2O8.6 could be separated easily 70 

with a single external magnetic field (Fig. S6). 

Fig. S7 presents the activity of recycled 

(16.7%)Fe2O3@Cu0.4/Mg5.6Al2O8.6 catalyst. The conversion of 

glycerol decreased slightly from 76.2 to 68.1% in five 

successive usages, while the selectivity remained higher than 75 

98.4%. The actual compositions of fresh catalyst and five-

recycled catalyst were detected and compared (see Table S5). 

No leaching of Cu was observed after five successive recycled 

usages. These results inferred that this catalyst was stable for 

the selective hydrogenolysis of glycerol. 80 

In summary, a series of functionalized core-shell structured 

magnetic Fe2O3@CuMgAl LDH catalysts could be fabricated 

by a facile route. The thermal stability of LDH, the dispersion 

of Cu in Fe2O3@CuMgAl LDH catalysts enhanced owing to 

the presence of Fe2O3. These catalysts are effective for their 85 

higher activity, easiness in separation in the selective 

hydrogenolysis of glycerol. 
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